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THURSDAY, AUGUST 28, 1890. 


THEORETICAL BALLISTICS. 

A Revised Account of the Experiments made with the 
Bashforth Chronograph, to find the Resistance of the 
Air to the Motion of Projectiles, &c. By Francis 
Bashforth, B.D., Me Professor of Applied Mathe¬ 
matics to the Advanced Class of R.A. Officers, 
Woolwich, and formerly Fellow of St. John’s Col¬ 
lege, Cambridge. (Cambridge: University Press; 
1890.) 

OBINS, in the last century, revolutionized the science 
of artillery by his invention of the ballistic pen¬ 
dulum ; and in our own times Mr. Bashforth has accom¬ 
plished the same thing for modern rifled artillery, by the 
aid of electricity and by his own chronograph. 

Previous to Robins’s experiments, the vaguest ideas 
prevailed as to the velocity of cannon shot and musket 
bullets : it was never supposed that such a light medium 
as the air could offer the enormous resistance it does ; 
and the resistance of the air being supposed almost 
insensible, and Galileo’s parabolic theory being applied, 
the velocity of projectiles was very much underestimated. 
At the same time, to reconcile Galileo’s theory with the 
observed ranges in practice, it was usual to suppose the 
first part of the trajectory to be a finite straight line, the 
point-blank range, and to add the parabola at the end of 
the straight line. 

The ballistic pendulum of Robins enables us to dilute 
the velocity of the bullet so as to make it easily measur¬ 
able ; and by firing at the pendulum from different dis¬ 
tances, and calculating the loss of velocity through the air, 
we are able to obtain a fair estimate of the resistance. 
Robins found in this manner that the resistance of the air 
to a bullet, three-quarters of an inch in diameter, weighing 
one-twelfth of a pound, is about 10 pounds, or 120 times 
the weight of the bullet at a velocity of about 1600 feet 
per second. By firing with a charge of powder half the 
weight of the ball at the ballistic pendulum at ranges of 
25, 75, and 125 feet, he found that the mean velocities of 
impact were respectively 1670, 1550, and 1425 f.s. 

Now denoting by R the average resistance in pounds 
over the first 50 feet, in which the velocity fell from 1670 
to 1550, the principle of energy gives, in foot-pounds, 

S qR= i6 7 ° 2 T iilg 2 , or R= 10. 

2 X 32’2 X 12 

Robins proceeds to theorize by the principle of me¬ 
chanical similitude, and shows that a 24-pound cannon¬ 
ball fired with a charge of 16 pounds of powder, should 
acquire a velocity of 1650 f.s., and that the resistance of 
the air would then amount to 540 pounds, or nearly 
twenty-three times the weight of the shot. He is now- 
able to clear up the difficulty of the supposed point-blank 
range, the distance during which the shot is conceived to 
fly in a straight line. To reconcile the parabolic theory 
of Galileo with the observed very small curvature of the 
trajectory at the outset, ancient writers on ballistics were 
in the habit of making a concession to the vulgar opinion 
(an opinion not yet extinct, although Tartaglia pointed 
out its fallacy) that the path of a shot was a straight line 
for a certain distance, called the point-blank range, 
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during which the shot “ flyeth violently,” the motus 
violentus of old writers. 

But now Robins is able to show that, in consequence of 
the much higher velocity of the shot, and the much 
greater resistance of the air than was ever considered, a 
24-pound shot fired with two-thirds of its weight of powder, 
will, at a distance of 500 yards from the piece, be separ¬ 
ated from the line of its original direction by an angle of 
little more than half a degree, so small an aberration as not 
to be noticeable with crude artillery appliances; and 
generally that the track of the shot departs greatly from the 
parabola, and is much more closely imitated by the com¬ 
bination of motus violentus in a straight line, motus 
mixtus in a curve or circular arc, and motus naturalis in 
a vertical line, the vertical asymptote of the true path, as 
taught by the old writers on artillery. 

The treatise of Robins, “ New Principles of Gunnery,” 
1742, attracted immediate attention, and was translated 
with a commentary by Euler. 

The ballistic pendulum employed by Robins weighed 
about 56 pounds, and was used only with musket bullets ; 
and to this day it will probably be found the most efficient 
instrument for measuring the velocity and retardation of 
small-arm projectiles ; the threads or wires of the electric 
screens being easily missed by bullets, or, if struck, being 
apt to deflect them. 

Experiments were made at Woolwich by Flutton in 
1775 and by Gregory in 1815, and by Piobert, at Metz, in 
1839, to apply the ballistic pendulum to cannon-balls ; and 
although not such an accurate instrument on a large 
scale, in consequence of elasticity and vibration, still it 
was the only means at hand till the invention of the 
electric telegraph. The application of electricity to the 
measurement of the time of flight of the cannon-ball im¬ 
mediately suggested itself to various minds—Wheatstone, 
Konstantinoff, and Brdguet—and a chronograph was soon 
produced, capable of registering two instants of time, and 
thence one velocity; as performed at present by the 
Boulengd chronograph, now in universal use for the deter¬ 
mination of muzzle velocities and the proof of powder. 

Notwithstanding the obvious advantages of electricity 
so late as 1855 a monster ballistic pendulum was con¬ 
structed to the order of the Government, and first set up 
at Shoeburyness, then at Woolwich, and finally dis¬ 
mantled without ever having been used in any course of 
experiments. The model alone of this instrument, shown 
at the Exhibition of 1862, is reported to have cost f 8 oo; 
but for all practical purposes the pendulum could have 
been replaced by a large box rammed with sand, and 
suspended by chains about 6 or 8 feet long, and the 
indications would probably have been more accurate. 
The experimenters who followed Robins would have suc¬ 
ceeded better if they had expended all their care and 
ingenuity upon experiments on a small scale ; and really 
with all their trouble it is found that, when checked by 
electric records, their results are not so accurate as the 
original observations carried out by Robins. 

The problem of the electric chronograph was occupying 
Mr. Bashforth’s mind when he received the appointment 
of Professor of Mathematics to the newly instituted Ad¬ 
vanced Class of Artillery Officers in 1864; where he was 
well placed for carrying out his experimental ideas, with 
the assistance of his enthusiastic pupils. 

T 
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The conditions to be secured which Mr. Bashforth set 
before himself were— 

(1) The time to be measured by a clock going uni¬ 
formly. 

(2) The instrument to be capable of measuring the 
times occupied by a cannon-ball in passing over at least 
nine successive equal spaces. 

(3) The instrument to be capable of measuring the 
longest known time of flight of a shot or shell. 

(4) Every beat of the clock to be recorded by the inter¬ 
ruption of the same galvanic current, and under precisely 
the same conditions. 

(5) The time of passing each screen to be recorded by 
the momentary interruption of a second galvanic current, 
and under precisely the same conditions. 

(6) Provision to be made for keeping the strings or 
wires of the screens in a uniform state of tension, notwith¬ 
standing the force of the wind and the blast accompanying 
the ball. 

To secure these conditions practically, Mr. Bashforth 
had to invent his own bhronograph, for a detailed de¬ 
scription of which the reader must refer to the book ; but 
it consists essentially of a brass cylinder provided with a 
heavy fly-wheel movable about a vertical axis; and of 
two markers tracing spiral lines on paper placed on the 
cylinder, and giving an indication by a jerk on the spiral 
corresponding to the cutting of one of the electric screens 
by the shot, or to half-seconds of the clock. 

The fly-wheel being spun by hand, and the clock 
making continual half-second records, the word is given 
to fire the gun,'and then the screen records are registered 
on the paper by the screen-marker. When the paper is 
full, after five or six rounds, the cylinder is transferred to 
a micrometer instrument, and the records read off with 
a vernier and microscope as accurately as possible. 

We may take it that the average travel of the paper on 
the cylinder is an inch for about a tenth of a second, so 
that, with screens 150 feet apart, an average velocity of 
x 500 f.s. would give screen records at intervals of about 
an inch. Readings of tenths of an inch will give hun¬ 
dredths of a second, and of hundredths of an inch will 
give thousandths of a second, which is about as far as can 
be seen or measured with this instrument. But, by treat¬ 
ing the last significant figure as indeterminate, and 
smoothing down irregularities by differencing and inter¬ 
polation, Mr. Bashforth is able to assign probable values to 
the 4th and even 5th decimal of the second, in the instant 
at which any screen is cut. 

Any improved instrument which would give a velocity 
to the paper of ten times or one hundred times of Mr. 
Bashforth’s velocity would increase the recording ac¬ 
curacy theoretically to the same extent ; but, as Mr. 
Bashforth claims for his instrument, he has located the 
shot at any instant to within about one foot of range, 
an error comparable with inaccuracies in the measured 
distance between the screens, inclination of the screens, 
and bending or stretching of the screen wires before 
breaking. 

The chronograph having given us the instants of time, 
say t x , t„, t 3i ... at which screens I, 2, 3,... at equal inter¬ 
vals of l feet were cut by a shot, we have to employ the 
methods of Finite Differences for converting these records 
into expressions for the velocity and retardation at any point. 
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It will be noticed that the chronograph records give, 
by interpolation, t as a function of s, not f as a function of 
t, so that the velocity v is the reciprocal of dtjds, while the 

dH 

retardation is —^ v 3 \ and if the shot weighs Wpounds, the 
d 2 t d't 

resistance of the air is W ^ v 3 poundals, or W v s —g 

pounds: the shot flying so fast that, practically, we may 
take it as moving in a horizontal line. 

Formulas of the calculus of Finite Differences will give 
us the values of dtjds and d 2 t/ds 2 in terms of the succes¬ 
sive differences At, A 2 t,... off; those employed by Mr. 
Bashforth being— 

= At~iAH + . 

as 

P = A 2 t - A 3 t + 4*A H...... 


To take a simple numerical illustration, suppose it was 
found by the chronograph that a shot weighing 70 pounds, 
flying horizontally, cut three equidistant screens 150 feet 
apart at instants of time 2‘3439, 2-4325, 2-5221 seconds. 
The time from the first to the third screen being o'1782 
second, the average velocity over this 300 feet is 
300 -f- 0-1782 = 1684 f.s.; and we may take this as being 
the velocity at the middle screen—an assumption which 
is accurately true if the resistance varies as the cube of 
the velocity—that is, if d' 2 t/ds 2 is constant. 

Again, AH = 2-3439 - 2 X 2-4325 + 2-5221 = o‘ooi ; 
so that d 2 t/ds 2 = o'ooi -i- (150) 2 ; and therefore the re¬ 
sistance of the air is 70 X ( i 684 ) s X o'ooi — (150) 2 
= 14,850 poundals, or 464 pounds. 

Experiment confirmed the reasonable hypothesis that 
the resistance of the air is proportional to the cross- 
section, or to d 2 , if d is the diameter in inches ; so that, 
for similar projectiles, Bashforth introduces his coefficient 
K, defined so as to make the resistance of the air at a 
velocity v f.s. to a projectile d inches in diameter to be— 

d 2 K (~'S—\ poundals, or d 2 ~ ^ pounds ; 

Viooo/ g Viooo/ 


while, if the weight of the shot is W pounds, the retarda¬ 
tion due to the resistance is 


d 2 

W 


K 


and thus 


T 

Viooo/ 


celoes ; 


d 2 v „ dH 

w K = IO V 


orK = - 


W 


d 2 


1 dH 
ds 2 ' 


The coefficient K is now found experimentally to be 
the same for all similar projectiles, whatever the weight, 
W pounds, or diameter, d inches; and the factor of 
mechanical similitude W Id 2 , now called the ballistic co¬ 
efficient and generally denoted by C, enables us to gene¬ 
ralize the experiments made on one scale to projectiles of 
all sizes. 

We now see the convenience of splitting up the resist¬ 
ance of the air into two factors, one of them being the cube 
of the velocity ; for in the retardation the other factor is 
dHjds 2 , which is given very simply in terms of A 2 t,... 

It is very often asserted that “ Bashforth assumed the 
resistance of the air to vary as the cube of the velocity” ; 
whereas in reality Bashforth found it convenient to take 
out the cube of the velocity as one factor of the resist- 
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ance, and to tabulate the other factor, as a slowly varying 
quantity. 

Practically, we find that A 2 i is about one-thousandth of 
a second when l — i;o, the distance between the screens 
in feet, so that dHjds 2 is a decimal beginning with six or 
seven zeros. Mr. Bashforth avoids this inconvenience by 
writing the retardation—- 



equivalent to reckoning the velocity in thousands of feet 
per second. 

We have explained this notation at some length, as 
Mr. Bashforth has taken this and all other notation for 
granted as known, which is already given in his “ Motion 
of Projectiles.” The numerical values of K from the ex¬ 
periments are given in Table XI. for spherical and in 
Table XII. for ogival-headed projectiles ; these two tables 
containing the complete theoretical deduction of all the 
author’s numerous experiments. 

But as for very high or very low velocities the New¬ 
tonian law of resistance, varying as the square of the 
velocity, is more likely to be near the truth, the author 
has converted his coefficients K for the cubic law into 
coefficients k for the Newtonian quadratic law, tabulated 
in Tables I.-VI.; here, again, he has omitted to explain 
the formula required in the use of k; but it is easily 
inferred to mean that the resistance of the air is 

d 2 k(-A— j poundals, or d 2 -( J—-Y pounds, 

VIOOO/ g\lOOO/ F 

so that the relation connecting k and K is loooh « vK. 

In the practical use of the tables, we choose the one in 
which k or K is the more nearly constant and changes 
the slower. 

The value of k for ogival-headed projectiles has been 
plotted graphically in the following diagram by Mr. A. 
G. Hadcock, quoted by Mr. Bashforth on p. 149; curve 
1 being drawn from the result of Mr. Bashforth’s experi¬ 
ments ; curve 2 from the empirical laws of General 
Mayevski deduced from Bashforth’s experiments; and 
curve 3 from the empirical laws of Captain Ingalls, drawn 
up to represent the resistance of the air according to 
Krupp. 


Velocities 730 3901120 1330 2413 



The diagram is interesting as showing how far the 
Newtonian law is true for very low and very high 
velocities, and it confirms in a remarkable way the 
change in the value of k as we pass through the velocity 
of sound, so that its final value is about three times its 
initial value, as found out by Robins ; insomuch that the 
resistance of the air to a 12-pound shot moving at 
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1700 f.s., which, according to the experiments of Newton 
on slow motions (“ Principia,” lib. ii., Props. 3S-40), 
ought to have been 144 pounds, was found by Robins to 
be 433 pounds, or three times as much. 

At velocities less than that of sound the projectile is 
always moving among its own waves ; at greater veloci¬ 
ties the point is supposed to be cleaving undisturbed 
air, like a swift steamer on the water ; and now the chief 
element of resistance arises in the energy drawn off in the 
waves in the wake, waves which have been photographed 
by Mach and Salcher, according to an article signed 
“ B.” in Nature. 

Recently it has Deen discovered that with high veloci¬ 
ties the shot carries the sound of the gun along with it, 
while backwards and sideways the sound is propagated 
at its ordinary rate ; this phenomenon is sufficient to 
destroy the utility of range-finders based upon the obser¬ 
vation of the velocity of sound. 

Curve 3 indicates that the resistance of the air to 
Krupp’s projectiles is about 10 per cent, less than to 
ours ; this may be attributed to the sharper point, better 
centering obtainable with breech-loading, and a slightly 
less standard density of air ; but Mr, Bashforth points 
out, with some justice, that the resemblance of Krupp’s 
curve 3 to his own is rather suspicious, considering the 
small number of published experiments upon which 
Krupp’s experiments are based. 

Mr. Bashforth honestly prints all the values of K 
derived from his experiments, values often exhibiting great 
discrepancies among each other, and takes their mean 
as the true value ; whether more delicate chronographs 
and improved electrical manipulation will enable us to 
refine on Bashforth’s results remains to be seen, as a 
correction in the first decimal place of the value of K, 
depends upon the millionth of a second—a refinement we 
are very far off from having attained. Mr. F. J. Smith has 
given an account of a chronograph of his own invention, 
and in the August Phil. Mag. a description of a method 
of eliminating the latency in electro-magnetic records in 
chronographs, which may prove very useful. A chrono¬ 
graph to read directly to one ten-thousandth of a second 
is now the great desideratum : when chronographs were 
first brought out, the millionth of a second was glibly 
talked about, but so far, the thousandth is very good work 
indeed. 

The experimental part of work is concluded when the 
value of K is obtained ; but on these experiments Mr. 
Bashforth is able to build up his tables of T and S 
(XXIII.—XXXIII.), which enable us to calculate before¬ 
hand the performance of any gun, and save thousands of 
pounds in gunpowder at the price of a little ink. 

Knowing C, the ballistic coefficient of the gun, then 
the formulas 

t - C(Tv - T„), j = C(S V - S„), 
connect the distance s in feet and the time t in seconds, 
for any initial velocity V, and final velocity v. 

An additional table, for D, invented by Mr. W. D. 
Niven, is not given by Mr. Bashforth, but is found of 
great practical use ; it gives 8, the deviation in degrees in 
a vertical plane for a flat trajectory, by the formula— 

8 = C(D V - D„). 

Colonel Siacci, of the Italian artillery, has converted 
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Niven’s D into circular measure, or natural tangents, and 
called it I ; and has added another useful function, A, 
the altitude function. The use of these functions is indis¬ 
pensable in modern ballistics ; but Mr. Bashforth does 
not mention them, as the chief purport of his book seems 
to be to put on record his own share of the work; 
and certainly, once the experimental part is done, it is 
a very easy matter to sit quietly indoors and theorize 
upon it, 

A very searching test of Mr. Bashforth’s tables was 
proposed in 1887, when it was decided to fire the 
“Jubilee rounds” from the 9'2 inch at elevations of 40°- 
45°, to see what is the extreme range attainable with 
modern artillery ; and calculations were invited, to be 
sent in before the gun was fired. Mr. Bashforth prints 
the result of his calculations, which assigned a’ range of 
19,426 yards with an elevation of 40° and an initial 
velocity of 2360 f.s. The range attained one day when 
the gun was fired was over 21,000 yards, arid on another 
day was over 20,000, the difference being attributable to 
wind ; so that, with no allowance for wind, and the fact 
that the initial velocity was really about 2375 f.s., we 
must consider that the calculation was close enough to 
show the value of Bashforth’s coefficients ; other calcu¬ 
lators who allowed for the better shape and steadiness of 
the projectile obtaining even closer agreement. The 
calculation is interesting as showing the great height to 
which the projectile rises, and the consequent necessity 
for a frequent change in the coefficient of resistance due 
to the tenuity of the atmosphere. 

Prop. VII., Robins’s “ New Principles of Gunnery,” 
asserts:—“ Bullets in their flight are not only depressed 
beneath their original direction by the action of gravity, 
but are also frequently driven to the right or left of that 
direction by the action of some other force.” 

This well-known effect in golf is still more marked in 
rifled artillery, especially with high-angle fire ; and now 
in modern ballistic tables we have columns added for M 
and B, two functions calculated theoretically by General 
Mayevski, for assigning the value of this lateral devia¬ 
tion or drift. 

Mr. Bashforth devotes chapter vi. to a popular ex¬ 
position of this phenomenon, which is still somewhat 
wrapped in obscurity, in spite of all that has been written 
about it; a list of which writings is given by Captain 
Ingalls in his “ Hand-book of Problems in Exterior 
Ballistics.” 

The stability of the axis of the projectile imparted by 
the rotation has the effect of making the head of the shot 
point slightly to the right of the vertical plane of fire with 
right-handed rotation, thus causing drift, and also of 
keeping the head a little above the tangent of the tra¬ 
jectory, so that in its descent the shot experiences a so- 
called kite-like action, tending to increase the range. It 
is well, however, for theorists to be on their guard in 
offering an explanation, as observers are not always 
agreed as to what really takes place. 

Mr. Bashforth expresses a fear that, after all his labours, 
he will have produced very little effect; but we hasten to 
reassure him that his work is held in the highest estima¬ 
tion by those who have means of making a practical 
judgment. 

A. G. Greenhxll. 
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BRITISH FOSSILS. 

British Fossils, and where to seek them j an Introduction 
to the Study of Past Life. By J. W. Williams. Pp. 96, 
Illustrations. (London : Swan Sonnenschein and Co., 
1890.) 

T the close of the introduction to this little volume, 
the author informs us that his object has been to 
convey to the young collector of British fossils the ex¬ 
perience and knowledge acquired by others, whereby his 
own toil and labour may be lightened. The purport of 
this is admirable, but unfortunately the author has not 
succeeded in carrying out his good intentions. The 
volume is small, and merely a compilation ; so there is 
no excuse for the number of errors and misprints by 
which its pages are disfigured. 

The plan of the book seems to be to give a brief notice 
of each main geological horizon, with a list of some of the 
characteristic fossils, but we very much doubt whether 
long strings of generic names, like those given on p. 28, 
for example, are calculated to afford much assistance to 
the young collector, as there is practically no information 
as to what such terms really represent. None of the 
illustrations are original, the frontispiece being taken from 
Louis Figuier’s “ World before the Deluge,” and most of 
the other figures from a well-known German work. And 
while on the subject of illustrations we should be glad to 
be informed why amphibians and reptiles like Archego- 
saurus, Capitosaurus, and Placodtes, should have their 
skulls figured (as on pp. 45, 46} in a work on British 
fossils, when these genera are totally unknown from 
British strata. Such figures, as well as those on pp. 56, 
57, may lead the inexperienced “young collector,” for 
whom the book is avowedly written, to the conclusion that 
he may expect to meet with entire skulls and skeletons 
of fossil reptiles in his geological excursions. The proper 
course in these cases is, it need hardly be said, to give 
figures of teeth and some of the bones of such creatures, 
with which the tyro may be expected to meet, and to 
show how their generic affinities can be determined. 
Then, again, in reproducing the old figures of the Devonian 
fishes given on p. 33 the author might surely have alluded 
to the work of Dr. 'I'raquair and other authorities show¬ 
ing how very far these figures are from being a truthful 
representation of these ancient creatures. 

Leaving the illustrations, we may turn to the text. In 
glancing over the pages we were greatly puzzled to 
know what might be the meaning of the term dermoid types 
mentioned on p. 20, the repetition of the word indicating 
that it can scarcely be a misprint. Omitting mention of 
numerous misprints, obvious enough to the specialist, but 
terribly misleading to the beginner, we notice on p. 29 that 
Tentaculites is given as an Annelid, although its Pteropod 
affinities have long been known. Much discussion has 
taken place as to the affinities of the Palaeozoic plant 
known as Sphenophyllum, but when on p. 43 the author 
calmly tells us that it is probably founded on the leaves 
of Calamites, he gives us a piece of information as new 
as it is erroneous. It is somewhat amusing to find 
the student referred, on p. 44, to the author’s book on 
“ Land and Fresh-water Shells,” as if it were the only 
extant treatise on the subject; but when on p. 45 we are 
informed that Labyrinthodonts are characterized as a 
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